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Quasi-Kernel Polynomials and Convergence Results

for Quasi-Minimal Residual Iterations

Roland W. Freund

Abstract. Recently, Freund and Nachtigal [9{ have proposed a novel polynomi-
al-based iteration, the quasi-minimal residual algorithm QMR), for solving gen-
eral nonsingular non-Hermitian linear systems. otivated by the QMR method,
in [6] we have introduced the general concept of quasi-kernel polynomials, and
we have shown that the QMR algorithm is based on a particular instance of
quasi-kernel polynomials. In this paper, we continue our study of quasi-kernel
polynomials. In particular, we derive bounds for the norms of quasi-kernel poly-
nomials. These results are then applied to obtain convergence theorems both
for the QMR method and for a transpose-free variant of QMR, the TFQMR
algorithm.

§1. Introduction

Many iterative algorithms for solving large nonsingular systems of linear equa-
tions

Az =D (1)

are based on polynomials. For example, the classical conjugate gradient algo-
rithm [13] for Hermitian positive definite matrices A and its various extensions
to non-Hermitian linear systems all fall into the category of polynomial-based
methods. For a survey of iterative methods, we refer the reader to [7] and the
references given there.

Typically, polynomial-based algorithms with optimal convergence prop-
erties correspond to polynomials that are characterized as solutions of con-
strained least squares approximation problems of the form

min (¢, ¥). (2)

YEP,: ¥(0)=1

Here and in the sequel, we use the notation
Ppi={pA) =y + A+ +7A" | 70,75+, 1 € C} (3)

for the set of all complex polynomials of degree at most n. Moreover, {-,-) in
(2) is an inner product that is positive definite on P,. The exact solutions of
problems of the form (2) are normalized kernel polynomials, and they can be
expressed in terms of the orthogonal polynomials associated with the inner
product (-,-).

For the special case of Hermitian matrices A, only inner products on
the real line arise, and then the corresponding kernel and orthogonal poly-
nomials satisfy three-term recurrences. As a result, optimal polynomial-based
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algorithms for Hermitian linear systems can be implemented using only three-
term vector recursions. The situation is less satisfactory for the case of general
non-Hermitian matrices A. Here, inner products in the complex plane arise,
and the corresponding complex kernel and orthogonal polynomials no longer
satisfy short recurrences. Consequently, optimal polynomial-based methods
for non-Hermitian linear systems in general involve long vector recurrences.
Usually, it is too expensive to run the full versions of these optimal algorithms.
Instead, restarted or truncated variants are used, which often leads to rather
slow convergence.

Recently, Freund and Nachtigal [9] proposed the quasi-minimal residual
algorithm (QMR) for solving general nonsingular non-Hermitian linear sys-
tems (1). The QMR method produces approximate solutions of (1) that are
characterized by a quasi-optimality condition, namely a quasi-minimization
of the residual norm. The point is that the QMR algorithm—unlike optimal
polynomial-based iteration schemes—can be implemented using only short
vector recurrences.

Motivated by the QMR method, in [6] we have introduced the general
concept of quasi-kernel polynomials, and we have shown that the QMR algo-
rithm is based on a particular instance of quasi-kernel polynomials. Moreover,
in [6] some general theory for quasi-kernel polynomials was given, such as re-
currence relations and a characterization of roots of quasi-kernel polynomials
as generalized eigenvalues.

In this paper, we continue our study of quasi-kernel polynomials. In par-
ticular, we derive bounds for the norms of quasi-kernel polynomials. These
results are then applied to obtain convergence theorems both for the orig-
inal QMR method and for a transpose-free variant of QMR, the TFQMR
algorithm [5].

The remainder of the paper is organized as follows. In §2 we briefly re-
call the definition of quasi-kernel polynomials. In §3 we present bounds for
the norms of quasi-kernel polynomials. We then turn to non-Hermitian linear
systems (1), and in §4 we describe the general setting of polynomial-based
methods for the iterative solution of such systems. Finally, in §5 and §6 we
consider the QMR and TFQMR algorithms, respectively, and we give conver-
gence results for both methods.

Throughout the paper, all vectors and matrices are allowed to have real or
complex entries. As usual, MT = [my;] and M¥ = x| denote the trans-
pose and the conjugate transpose, respectively, of the matrix M = [m i ]. We
use the notation omax(M) and omin(M) for the largest and smallest singu-
lar value, respectively, of the matrix M. The vector norm ||z||; = VzHz is
always the Euclidean norm, [|[M|[z = omax(M) is the corresponding matrix
norm, and for nonsingular square matrices M, x2(M) = omax(M)/0min (M)
is the Euclidean condition number. Moreover, for square matrices M, we de-
note by A(M) the set of all eigenvalues of M. In addition to (3), we use the
notation Py for the set of all complex polynomials. The symbol 0 will be used
for the number zero, the zero matrix, and the polynomial () = 0; its actual
meaning and, in the case of the zero matrix, its dimension will be apparent




Quasi-kernel polynomials 3
from the context. Finally, I, denotes the n x n identity matrix.

2. Quasi-Kernel Polynomials

We consider constrained approximation problems of the form (2), where (-,°)
is assumed to be a given positive semidefinite inner product on Peo, 1.€., for

all 1, @2, ¢, P € Poo and 71, 72 € C:
(me1 + Y202, %) = 71{p1, %) + 72{p2. %),

(e, ¥) = (¥, )
{p,p) 2 0.

Notice that we do not require (¢, @) > 0 for ¢ # 0, i.e., (-,-) is not assumed
to be positive definite. It will be convenient to rewrite (2) in the form

min . 4
vepin | Il (4)
Here and in the sequel,
2
loll == {2, 9)'/%, ¢ € Poo,

always denotes the seminorm induced by (-, -).

If (-, ) is positive definite on Py, then there always exists a unique optimal
solution %X of (4). It is well known (see, e.g., [21, Chapter XVI], [1, Chapter
1), [20}, or [6, Corollary 3.3]) that X is just the suitably normalized nth kernel
polynomial associated with {-,-). Furthermore, ¥k is given by

E?:o ;;'(—0)_‘»01'()‘)
Y=o IO

where ¢; € Pj, j = 0,1,...,n, is any set of orthonormal polynomials with
respect to {-,-}, i.e.,

Ya(M) = (5)

_ _Jo, ifj#k,
(pjrpk) = {1, if j = k.

In the following, we will refer to YK as a true nth kernel polynomial.

Roughly speaking, quasi-kernel polynomials are approximations to true
kernel polynomials, which are obtained from a set of arbitrary basis polynomi-
als, rather than a set of orthonormal polynomials. More precisely, the setting
is as follows. Let II; := {ij}f=0, where J can either be a finite integer or
equal to oo, be a given set of polynomials

@; € P; with degy; =7, (6)

which span P;. We note that, by (6), each polynomial Ap;_1,1 < j < J, has
a unique representation of the form

J
Apic1(A) = Y higrjor(d), where hjp; #0. (7)

k=0
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In the sequel, we always assume that n € {1,2,...,J}, if J is finite, respec-
tively n € {1,2,...}, if J = co. Moreover, we denote by

"h1n hiz - hin ]
hay I
Hyo=| ¢ .. : (8)
: han-1  han
SLUNEEEE 0 Rnt1,n ]

the (n + 1) x n upper Hessenberg matrix, which contains the recurrence coef-
ficients hiy1,; from (7) as entries. We remark that, in view of (7), all subdi-
agonal elements hj;, ; in (8) are different from zero, i.e., H, is an unreduced
upper Hessenberg matrix.

It follows from (6) that any polynomial ¥, € P, with ¥,(0) = 1 can be
parametrized in the form

n-—1 Cl
Ya(A)=1-2A Z Ci+19;(X), where 2:=1| : | € C". (9)
=0 Cn

In [6] we have shown that each polynomial (9) satisfies

l#all = ((dn = Haz)" Gn(dn — Hnz))""”

(10)
< (Gall2)'? lldn = Huz|2.

Here
Gn = [{pj, ‘Pk)]j,k=o,1,...,n (11)
is the Gram matrix of ¢g,¢1,...,¢n, and
dn:=[1/p0 0 --- 0]T e C"*. (12)

Note that, by (6), o is a nonzero constant.

The estimate (10) is the basis for the definition of quasi-kernel polyno-
mials. We choose the parameter vector z in (9) such that, instead of ||y,
only the second factor in the upper bound in (10) is minimal. This leads to
the following definition.

Definition 1. [6, Definition 3.1]. Let z, € C" be the solution of the least

squares problem

ldn — Hnznllz = min ||dn — Hyzl|2. (13)
2€C

The polynomial ¢, given by (9) (with z := 2,,) is called the nth quasi-kernel
polynomial (corresponding to the inner product (-,-) and derived from II ;).

Recall that H, is an unreduced (n + 1) x n Hessenberg matrix, and thus
it has full rank n. This guarantees that (13) always has a unique solution z,,.
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In [6] we have established some general theory for quasi-kernel polynomi-
als, such as recurrence relations and a characterization of roots of quasi-kernel
polynomials as generalized eigenvalues. For example, in [6, Theorem 3.2], it is
shown that 1, satisfies the same relation (5) as true kernel polynomials, where
the ;’s are now the given basis polynomials (6). In particular, if the polyno-
mials in II; are orthonormal, then the quasi-kernel polynomial %, coincides
with the true kernel polynomial.

§$3. Bounds for the Norms of Quasi-Kernel Polynomials

In this section, we present some bounds for the norm ||, || of the nth quasi-
kernel polynomial %,,.

First, note that, from (10) and (13), one obtains the estimates
%1 < [leall

< (|Gall2)"/? min ||dn — Haz|l2.
zEC

wevmizfzr)) 1
meT (14)

For later use, we remark that the first factor of the upper bound in (14)
satisfies the inequality

(IGall2)""* < Va+T max liesll (15)

which follows from

IGnllz = max vy Gy
yeC™ Iyl =1

and the Cauchy-Schwarz inequality.

Clearly, the Gram matrix G, defined in (11) is positive definite if the
inner product {-, -} is positive definite on Py. In this case, the condition number
k2(Gp) of G, is a measure for how far ||1h,|| can be from the minimal value

15 1| of (4).

Theorem 2. Assume that the inner product (-,-) is positive definite on Py,
and let X be the true nth kernel polynomial. Then:

1K < Nl < (k2(Ga))'? [WK]I. (16)

In particular, ¥, = Y& if G, = I,.

Proof: The polynomial ¢¥ is the optimal solution of the approximation prob-

lem on the left-hand side of (14). This implies the first inequality in (16).
Let K be represented in the form (9), and let z5 € C" be the corre-

sponding parameter vector. Using the first relation in (10), it follows that

1/2
19Xl = ((dn — HnzK)H Gu(dn — Hazy))

1/2 K (17)
> (Umin(Gn)) ”dn - Hﬂzn “2
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On the other hand, from (14), we have
nll < (Gmax(Ga))'/* min, lldn — Haz|l2
2€C (18)
< (UmaX(Gn))]/2 lldn — Hozg [l2-
Finally, by combining the estimates (17) and (18), we obtain the second in-
equality in (16). W

Next, we show that the upper bound in (14) can be related to certain
constrained approximation problems. This result will be used in §5 and §6 to
derive convergence theorems for QMR and TFQMR, respectively.

We use the following setting. Let m < J be an arbitrary, but fixed integer.
We denote by A1, Az, ..., A\ € C the distinct zeros of the mth basis polynomial
¢m, and p;j is the multiplicity of A;. Note that

i
em(A) =7 H(/\ —Xj)* forsome y€C, v#0.
j=1

Furthermore, we denote by

H:=[I, 0]Hpn (19)
the m x m matrix obtained by deleting the last row of the mth Hessenberg
matrix H,, in (8). Using (7) and (19), one easily verifies the identity

AN =®(MNH +[0 - 0 hmirmem(N)], (20)
where ®()) is a row vector defined by
(A) :=[po(A) - pm-1(A)].

By setting A = Aj in (20), we deduce that the zeros of ¢, are just the
eigenvalues of H, i.e.,

{A1, A2, A} = A(H), (21)
and each ); is an eigenvalue of algebraic multiplicity u;. Next, we recall that
H,, (and thus H) is an unreduced upper Hessenberg matrix. This implies that,
for each ), the matrix H — A\jI, has rank m — 1, and hence the eigenspace
corresponding to A; is of dimension 1. As a result, there is exactly one Jordan
block for each eigenvalue of H. Therefore, H has the Jordan canonical form

J=SHS™, (22)
where S is a nonsingular m X m matrix and
J = diag(J(A1),J(A2), ..., J( M) (23)
is a block diagonal matrix with Jordan blocks
0 1 0 .- 07
D01 T
J(Aj)=XAjI; + Nj, Nj:=|: -0 "0 " o eRWX. 0 (24)
S |
0 -+ - .. 0L

After these preliminaries, our result can now be stated as follows.
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Theorem 3. Let m < J be a fixed integer, and let H be the m X m matrix
defined by (19) with spectrum (21). Let J = SHS™! be the Jordan normal
form (22), (23), with Jordan blocks (24). Then, forn = 1,2,...,m—1, the

nth quasi-kernel polynomial ¢, satisfies

KQ(S)
ol

l[hnl| < (1Gall2)'"* €a, (25)

where

En !

max [[#(7(A)lz- (26)

= min
YEPN: $(0)=1 j=1,...,

Moreover, if H is diagonalizable, then:

Ep = min max Al 27
YEP,: p(0)=1 /\Ez\(H)W)( )l ( )

Proof: Let n € {1,2,...,m — 1}. By using (12) and by setting u := @0z, we
obtain from (14) the estimate
1
lnll < = (IGall2)""* 9n, (28)
lpol

where

9, = mgln||e§"+l)—H,,u”2, ert =1 0 --- 0]" eR"™. (29

u€

In view of (19), H, is the (n + 1) x n leading submatrix of H, i.e.,

H, =*
n= [ )
and we have the relation
H['é]:[H(’)'u] for all u € C". (30)

Next, using the fact that H is an unreduced upper Hessenberg matrix, we

deduce that
u
0

By means of (30) and (31), the quantity 9n in (29) can be rewritten in the
form

9. = . (m) _ H (m) — : H (m) . 32
n = min llex™ — ¢(H)ey " |2 pepin | ¥ (H)e; " 2 (32)

u€ c"} = {$(H)ei™ | ¢ € Prs}- (31)

With (22)-(24) and since ||e§m)||2 = 1, it follows that, for all ¥ € Peo,

E)E™ [z < Ra(S) (DIl = r2(S) max [$TADll2- (33)
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By combining (28), (32), and (33), we obtain the desired estimate (25), (26).
Finally, if H is diagonalizable, then all Jordan blocks J(A;) = [A;] are
of size 1, and (26) reduces to (27). B

We remark that the norms in (26) can be estimated by means of the

inequality
ui—1

BEIODI < 3 5 [4900)], ¥ € Pa, (34)

=0

which is an immediate consequence of the standard relation

Bi—1
YT = Y0 39PN,

=0

Here N; is the nilpotent matrix defined in (24), and ¥() denotes the ith
derivative of .

§4. Polynomial-Based Matrix Iterations

We now return to systems of linear equations (1). From now on, it is always
assumed that A in (1) is a nonsingular non-Hermitian N x N matrix.

Many iterative algorithms for solving linear systems (1) are polynomial-
based methods: they produce approximations r, to A~1b of the form

Ty =20+ $n(A)ro with ¢, €Pny, n=1,2,.... (35)

Here zo € CV is any initial guess for the solution of (1), and ro := b — Az,.
We remark that the residual vector r, := b — Az, corresponding to the nth
iterate (35) of any polynomial-based algorithm is given by

rn = Yn(A)ro, where Pn(A)=1-Ada(A). (36)
Note that
¥n € Pn and 9,(0) =1 (37)

Generally, any v, that satisfies (37) is called an nth residual polynomial.

The goal in designing a polynomial-based method is to choose at each
step the residual polynomial ¥, in (36) such that some norm of ry is as small
as possible. A standard approach [18] is to require that the Euclidean norm
of r,, is minimal, i.e.,

Iralls = | _jmin __ [#(4)roll2. (38)

By setting

(0, 9) = rl (W(A))Hp(A)ro and |I9]] := (v, 9)"/?, (39)
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we see that (38) is an instance of a constrained polynomial approximation
problem of the form (4). We remark that other strategies (see [17,19]) for
choosing the residual polynomial %, in (36) also lead to problems of the form
(4), e.g., with inner products given by

(0:8)i= [[[ oo or (g4 = [ o) 1A

Typically, G C C is a compact set containing the spectrum A(A) of A or some
approximation to A(4), and C is a curve bounding such a set G.

In the remainder of this paper, we always assume that (-,-) is the inner
product defined by (39). Note that the corresponding polynomial norm ||-|| is
equivalent to the Euclidean vector norm in C"V, in the sense that

Il = |lvllz forall v=1t(A)ro with ¢ € Peo. (40)

Finally, we call a polynomial-based method optimal if its residual vectors sat-
isfy (38). We recall (see, e.g., [6]) that an optimal iteration scheme terminates
after a finite number Jopt(< N) of steps with the exact solution =, = A1)
of (1). Furthermore, the residual vectors rpP* of an optimal polynomial-based
method are unique, and they are given by

T(r);pt = ‘/)E(A)To, n= 1’27 crey JOP'-’ (41)

where ¥X is the nth true kernel polynomial associated with (-, -).

§5. Convergence Results for the QMR Algorithm

Faber and Manteuffel [2] have shown that—except for a very special class
of non-Hermitian matrices—optimal polynomial-based methods for general
non-Hermitian linear systems can be implemented only with long recurrences,
which involve vectors from all previous iterations. Their result motivated the
development of a quasi-optimal polynomial-based iteration scheme, the QMR
algorithm [9], which can be implemented using only short vector recurrences.
In this section, we apply the results from §3 to obtain two convergence theo-
rems for the QMR algorithm.

The QMR iteration uses the Lanczos process [14] with look-ahead [16,8]
to generate basis vectors of the form

'Uj=¢j(A)7‘0, j=0317"'vJL- (42)

Here
¢; €P; with deg¢; =3, 1=0,1,... ,JL, (43)

are the so-called Lanczos polynomials, and Jy is the termination index of
the look-ahead Lanczos algorithm. We note that Ji, < Jopt- For a detailed
description of the Lanczos process, we refer the reader to [8] and the references
given there.
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In [6] we have shown that the QMR algorithm is based on quasi-kernel
polynomials. More precisely, the QMR residual vectors are given by

TSMR=¢n(A)T‘0, n=12,...,J, (44)

where J := Ji, and %, is the nth quasi-kernel polynomial corresponding to
the inner product (39) and derived from the normalized Lanczos polynomials

651’ (45)

G501, d -1,
p; =
¢JL, ]=JL

For later use, we remark that the condition number of the Gram matrix G,
associated with the basis polynomials (45) can be expressed in terms of the
extreme singular values of the matrix of normalized Lanczos vectors

Vo V1 Un
Vo= S el I
[ llvollz  [loall2 llvnll2 ]
More precisely, for n =0,1,...,J1, — 1, we have
Omax(Vn
(ra(Gn))/* = Zo22E) (46)

The relation (46) is an immediate consequence of the identity
y7Gny = [Vayl®, ye ™,

which follows with (11), (39), (42), (45), and (40).

Next, we apply Theorem 2, and we rewrite, by means of (40) and (46),
the bounds in (16) in terms of the residual vectors (41) and (44). This gives
the following result.

Theorem 4. Forn =1,2,...,Jy — 1, the QMR residual vectors satisfy

1Pt < [rQMR|, < Zmex(Ve)

opt
= = Umin(Vn) ”rn ”2 (47)

In particular, r@MR = r9Pt if the columns of V, are orthonormal.

We remark that a different proof for (47), without using quasi-kernel
polynomials, was given by Nachtigal [15, Section 4.3].

Next, we derive upper bounds for ||r@MR||; by applying Theorem 3 (with
m = J,) for the special case of the QMR quasi-kernel polynomials.

In the sequel, the same notation as in §3 is used. We set m := Ji,, and let

H:=[I;, 0]Hy (48)
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be the Hessenberg matrix of recurrence coefficients for the basis polynomials
(45). As before, we denote by A1, Az, ..., \; the distinct zeros of ¢,,. We remark
that, by (45), the polynomial ¢;m = ¢, is just the last Lanczos polynomial.
It is well known (see [16,12]) that each zero of ¢, is also an eigenvalue of A.
Therefore, together with (21), we have

{A1, A2y, M} = A(H) € A(A). (49)
Furthermore, we will need the relation
lpol = 1/lIroll2, (50)
which follows from (45) (with j=0) and (40), and the inequality
(IGnll2)? < Vn¥1, n=12,...,m—1, (51)

which follows from (15) and (45).
Finally, by applying Theorem 3, we obtain the following convergence
result for the QMR algorithm.

Theorem 5. Let H be the Ji, x J. matrix (48) corresponding to the nor-
malized Lanczos polynomials (45), and let (49) be the spectrum of H. Let
J = SHS™! be the Jordan normal form (22), (23) of H, with Jordan blocks
(24). Then, forn =1,2,...,J1 — 1, the QMR residual vectors satisfy

IFME [, < firollz 52(S) Vi + Ten, (52)
where
n = 1 J A )
eni= pmin o max [T

Moreover, if H is diagonalizable, then:

n < i Al 53
en < pmin - max [H(3)] (53)
Proof: The inequality (52) is obtained by rewriting (25) in terms of the QMR
residuals (44) instead of ¢, and by using the relations (50) and (51). The
estimate (53) follows from (27) and (49). W

We remark that, for the special case of diagonalizable H, the bound (52),
(53) was first given by Freund and Nachtigal [9, Theorem 6.1].

Of course, the bound in (53) is not very practical since it would require
the knowledge of all eigenvalues of A. However, often one knows some compact
set G C C such that

MA)CG and 0¢G.

In this case, we can replace (53) by the estimate

n < i A)|- 54

en S pmin max [1h(})] (54)
The solutions of constrained polynomial approximation problems of the form
(54) are known explicitly for some “simple” sets, such as disks [22], certain
ellipses [3,4], and line segments [11].
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§6. A Convergence Result for the TFQMR Algorithm

The QMR algorithm involves matrix-vector multiplications with the coefhi-
cient matrix A, as well as its transpose A7. This is a disadvantage for certain
applications, where matrix-vector products A - v, but not AT .w, can be com-
puted efficiently without ever explicitly generating the matrix A. This was
the motivation for developing a transpose-free variant of the standard QMR
method, the TFQMR algorithm [5,10], which involves matrix-vector prod-
ucts with A only. We remark that the QMR and TFQMR methods are not
equivalent, and the two algorithms produce different sets of iterates.

In this section, we present a convergence result for the TFQMR algo-
rithm. It appears that this is the first convergence theorem for a transpose-free
Lanczos-based iterative method.

In [6] we have shown that—like the QMR algorithm—the TFQMR meth-

od is also based on quasi-kernel polynomials. Its residual vectors are given by
rTFQMR — o (A)ro, n=1,2,...,J,

where J := 2Jy, and ¥, is the nth quasi-kernel polynomial corresponding
to the inner product (39) and derived from basis polynomials @, ¢1,...,¢7
that are now defined as squares or products of Lanczos polynomials (43). More
precisely, the basis polynomials are defined as follows:

(%% ifj=2 k=01, J,—1

ll#2]’ ifj =2k, k=0,1,...,Jp — 1,

I—I%Z:%:II’ fj=2%k-1,k=1,2,...,J.—1,

%=J Sn-195 i (55)
616l if j=2JL—1and ||¢gs—10xll #0,
L= L

¢JL—1 ¢J1n ifj =2JLp —1and ”¢JL-1¢JL" = 0’
42, if j = 2Jy.

We remark that, as in the previous section, J;, denotes the termination index
of the look-ahead Lanczos algorithm.
Again, we apply Theorem 3, but this time with m := 2Jy. Let

H' := [IJzL O]HJZL? (56)

where Hj,, now denotes the Hessenberg matrix (8) containing the recurrence
coefficients of the basis polynomials (55). Here, the notation H' is used to
distinguish the matrix (56) from the Hessenberg matrix (48) associated with
the QMR algorithm.

Recall from §3 that the eigenvalues of H' are just the distinct zeros of
the polynomial ¢,,. Now, from (55) (with j = 2J.,), we have that

Pom = 67, (57)
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is the square of the last Lanczos polynomial. It follows that
MH') = {1, A25.- 0, M)

where, as in §5, the );’s denote the distinct zeros of ¢,,. Hence, in view of
(49), the eigenvalues of the TFQMR and QMR Hessenberg matrices H' and
H coincide, and we have

H') = MH) € X(4). (58)

However, their algebraic multiplicities are different. Indeed, by (57), each
eigenvalue ); of H' has even algebraic multiplicity 24;, while A; is an eigen-
value of H with algebraic multiplicity ¢#;(= 1). In particular, the blocks in the
Jordan normal form (22), (23) of H' are now of the form

r0 1 0 --- 07

: 0 R
J(A;) = Ajhy, + Nj, Njz= |1 o o o | ERMH.(59)

|

0 -+ - .o 0

Finally, we note that, for the basis polynomials (55), the relations (50) and
(51) hold too.

Therefore, we can proceed as in the previous section, and by applying
Theorem 3, we obtain the following convergence result for the TFQMR algo-
rithm.

Theorem 6. Let H' be the 2Jy, x 2Ji, matrix (56) corresponding to the basis
polynomials (55). Then, the eigenvalues Ay, Az, ..., A1 of H' are the zeros of
the last Lanczos polynomial ¢ j, , and each A; is an eigenvalue of even algebraic
multiplicity 2u;.

Let J = SH'S™! be the Jordan normal form (22), (23), with Jordan
blocks (59). Then, for n = 1,2,...,2JL — 1, the TFQMR residual vectors

satisfy
||7'IFQMR||2 < |Irollz #2(S) Vn + 1en,

where

En =

: e
vePnp(0)=1 jg?ﬁ{.,:“d’(ﬂ Nll2 (60)

Moreover, if all zeros of the last Lanczos polynomial ¢ j, are simple, then:

en<  oming - max (O] + WO (61)

We remark that the estimate (61) follows from (60) by using (58) and
inequality (34) (with p; replaced by 2).
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